been widely used to characterize foliar disease resistance (Jeger and Viljanen-Rollinson, 2001 ) because it Slow leaf-rusting resistance in wheat (Triticum aestivum L) is gainreflects both severity and rate of disease development ing acceptance as a breeding objective because of its durability in comparison with race-specific resistance. CI 13227 was previously (Wilcoxson et al., 1975). IR and ID were also considered reported to provide the highest level of slow leaf-rusting resistance.
L
eaf rust is one of the major wheat diseases world- Nelson et al. (1997a) found two loci associated with wide. The short-lived nature of race-specific leaf leaf rust resistance: one on 7DS, the expected position rust resistance genes greatly compromises the efforts of Lr34, and another on 2BS. Both loci cumulatively of breeders who use them, almost routinely, to breed explained 45% of the phenotypic variance. William et resistant cultivars. Alternatively, a more durable form al. (1997) identified three RAPD markers associated of resistance is attributed to slow leaf-rusting, for which with leaf rust resistance using bulked segregant analysis certain genotypes have been identified and character-(BSA). Two of them were located on 7BL and the third ized (Caldwell et al., 1970; Kuhn et al., 1978;  Shaner one hybridized to chromosome 1BS and 1DS. Faris et and Finney, 1980; Singh et al., 1998; Messmer et al., al. (1999) also found that a chromosome region on 7BL 2000). Methods used to assess slow leaf-rusting resiscontributed to leaf rust resistance under natural infectance include the severity measured either once at the tion. Messmer et al. (2000) detected six QTL for leaf peak of disease expression or several times during the rust resistance, and one major QTL on 7BL from the course of disease in a growing season. The AUDPC has highly resistant parent Forno explained 35% of the phenotypic variance. Forno showed leaf tip necrosis. In addition, another gene (Lr46) for slow leaf-rusting article is solely for the purpose of providing specific information and does not imply recommendation or endorsement by the U.S.
the susceptible bulk contained equal amounts of DNA from wheat cultivar Pavon 76 (Singh et al., 1998 rusting resistance conferred by CI 13227 (Shaner and (2005) was followed to develop SSR markers. The SSR markers were visualized by a silver staining method. Finney, 1980; Shaner et al., 1997) , characterization of these QTL using molecular markers has not been reported in this new source. The objectives of this study Data Analysis were to identify and locate QTL responsible for slow One-way ANOVA was used to identify AFLP markers that leaf-rusting resistance in CI 13227, and to develop mowere significantly associated with various component traits of lecular markers that can be used in MAS to facilitate slow-rusting resistance (P Ͻ 0.05). Genetic linkage maps were improvement in durable leaf rust resistance. constructed with MapMaker 3.0 (Lander et al., 1987) . A LOD threshold was set at 4.0 for the construction of linkage groups. Centimorgan (cM) values were calculated according to the
MATERIALS AND METHODS
Kosambi mapping function (Kosambi, 1944) . Single marker analysis and interval analysis were performed by Qgene (Nel-
Plant Materials
son, 1997b) to characterize the effects of each individual A single-seed-descent population of 104 RILs was develmarker and to map the slow leaf-rusting QTL. The SAS proceoped from the cross of CI 13227/Suwon 92. CI 13227 has a dure, GCHART, was used to generate histograms of phenohigh level of slow-rusting resistance to wheat leaf rust and typic frequencies. Suwon 92 is very susceptible to leaf rust (Shaner et al., 1997) . The pedigree of CI 13227 is Wabash/American Banner//Klein Anniversario (Shaner et al., 1997) . Suwon 92 derived from a
RESULTS AND DISCUSSION
cross between Suwon 85 and Suwon 13 (Shaner and Finney, Shaner et al., 1997) . The 104 RILs and two parents were evaluated at the Agronomy Center for Research and In both years, CI 13227 showed a higher level of slowEducation, Purdue University, West Lafayette, IN, in 1994 rusting resistance to wheat leaf rust than Suwon 92, and 1995 in a randomized complete-block design with two evidenced by lower AUDPC, FS, and IR (Table 1). replications. Leaf rust severity was rated seven times in 1994
Segregation of Leaf Rust Resistance in RILs
Their progenies showed continuous distributions for (from 29 May-19 June) and 1995 (from 30 May-25 June) AUDPC, FS, IR, and ID, varying from 27.9 to 548.7 for according to the modified Cobb Scale (Peterson et al., 1948) . AUDPC, 11.5 to 87.5% for FS, 1.54 to 35.32 for IR, As component traits of slow-rusting resistance, we calculated and 16.5 to 23.5 d for ID (Table 1 ). All traits revealed area under the disease progress curve (AUDPC) according transgressive segregation in both years ( Fig. 1) , indicatto Shaner and Finney (1980) . ID was defined as the length of the sporulating period and IR as daily disease progress rate ing their quantitative genetic nature.
(AUDPC/day). FS equaled the maximum severity during the Significant correlations (P Ͻ 0.01) were detected becourse of rust infection.
tween years for AUDPC (r ϭ 0.53), FS (r ϭ 0.42), IR 
Analysis of Molecular Markers verity (FS), infection rate (IR), and infection duration (ID) of
Genomic DNA was isolated from 2-wk-old wheat seedlings CI13227, Suwon 92, and their RIL population (n ϭ 104) in by the CTAB (cetyltrimethyllammonium) method (Murray 1994 . and Thompson, 1980 evaluation was applied to screen informative AFLP primers. five most resistant RILs with the lowest AUDPC and FS, and (r ϭ 0.63), and ID (r ϭ 0.83). Correlation coefficients for FS, and 1.4 to 2.2 for IR in 1995. In all cases higher values of AUDPC, FS, and IR were detected for the were high among AUDPC, FS, and IR, varying from 0.93 to 0.99, indicating these traits may be under the parental allele of Suwon 92. This suggested that resistance alleles conferring lower AUDPC, FS, and IR valsame genetic control. ID was negatively correlated (P Ͻ 0.01) with AUDPC, FS, and IR with correlation coeffiues came from CI 13227. All molecular markers linked to ID were located on chromosome 2D and were ascients of Ϫ0.64, Ϫ0.58, and Ϫ0.72, respectively. signed to one linkage group (Table 3) , spanning 45.3 cM. Their determination coefficients ranged from 4.0
Single Marker Analysis
to 27.9% in 1994, and 5.7 to 29.2% in 1995, respectively. Table 2 lists all molecular markers that were signifiThe additive effects of these markers ranged from 0.6 cantly associated with AUDPC, FS, or IR in both years. to 1.5 d in 1994, and 0.4 to 0.9 d in 1995, respectively. Twelve markers were significantly associated with all three traits. Linkage analysis showed that these markers QTL Interval Analysis belonged to two linkage groups, which were tentatively located on chromosome 2B and the long arm of chromoInterval mapping detected two QTL for AUDPC, FS, and IR in each year ( Table 4) , suggesting that at least some 7B, respectively, on the basis of the chromosomal locations of the SSR markers in each group. The deter-2 QTL contribute to slow leaf-rusting resistance in CI 13227. This is in agreement with previous reports based mination coefficients of these markers varied from 3.9 to 19.4% for AUDPC, 5.8 to 19.0% for FS, and 4.3 to on biometric analysis (Das et al., 1992) . A QTL for AUDPC, FS, and IR, designated as 18.1% for IR in 1994, and 5.0 to 14.8% for AUDPC, 3.9 to 18.0% for FS, and 5.5 to 13.7% for IR in 1995.
QLr.osu-2B, was identified in both 1994 and 1995 (Fig.  2) . QLr.osu-2B was tentatively located between AFLP The additive effects of these markers ranged from 25.4 to 58.3 for AUDPC, 3.9 to 8.5% for FS, and 1.4 to 2.7 marker XAGC. TGC135 and XCAG.CGAT70 . This QTL appears to be close to the centromere because the linked for IR in 1994, and 21.7 to 35.4 for AUDPC, 3.4 to 7.0% Another QTL, designated as QLr.osu-7BL, was also detected in both years. This QTL was putatively assigned to 7BL according to the location of the linked SSR markers Xbarc50, Xbarc1073, Xbarc182, and Xbarc32. These SSRs were previously mapped on 7BL, though Xbarc32 was also mapped on 5BL (http://www.scabusa.org/pdfs/BARC_ maps_011106.pdf; verified 18 November 2004). The LOD score peaks of this QTL were located between AFLP marker XTGC.ACAG198 and SSR marker Xbarc50, varying among traits and environments (Fig. 3) . It explained 17.2, 20.8, and 16.1% of the phenotypic variance for AUDPC, FS, and IR in 1994, and 15.1, 12.5, and 12.9% in 1995 (Table 4) . Further fine mapping of this region to pinpoint QLr.osu-7BL would be helpful for map-based resistance. The more resistant the RILs, the later their leaves senesced. cloning or MAS of this QTL.
The QTL on 2DS, designated as QLrid.osu-2DS, was
Future Improvement of Slow-Rusting Resistance
only associated with leaf rust infection duration (ID). All SSR markers linked to this QTL were previously On the basis of genetic correlation estimates, several mapped on the short arm of chromosome 2D (Somers slow-rusting components were described to be either et al., 2004; http://www.scabusa.org/pdfs/BARC_maps_ tightly linked or under pleiotropic genetic control (Singh 011106.pdf; verified 10 November 2004) . This QTL was et al., 1991; Das et al., 1993) . The two QTL for AUDPC located in the interval between SSR marker Xgwm261 and AFLP marker XGCTG.CGCT118 with a LOD score of 6.99 and 5.88 for ID in 1994 and 1995, respectively (Fig. 4) . This QTL was quite stable, and explained 26.4 and 21.5% of the phenotypic variance in 1994 and 1995, respectively. However, the positions of this QTL varied slightly between 1994 and 1995. The LOD score plot of this QTL peaked 1.3 cM away from XGCTG.CGCT118 in 1994, but on the exact location of XGCTG.CGCT118 in 1995. Longer ID was inherited from CI 13227 and associated with later heading date (r ϭ 0.69 p Ͻ 0.01). The heading date of CI 13227 was seven days later than the RILs with longer ID showed a higher level of rust Considering the high adaptability and the rapid distri-0.93-0.98). Autocorrelations may also exist among the three parameters because calculations of AUDPC and bution of virulent isolates of Puccinia triticina over long distances, the best strategy for breeding durable leaf infection rate were based on leaf rust severity. Both the QTL analysis and correlation analysis suggest that rust resistant cultivars should be the combination of race-specific resistance gene(s) with race nonspecific AUDPC, FS, and IR are under the same genetic control and reflect different aspects of the same process, slow resistance gene(s) or QTL. In fact, most of the identified durable leaf rust resistant cultivars carry Lr34, a slow leafleaf-rusting. Hence, we find it reasonable to select for slow-rusting genotypes on the basis of final severity only rusting resistance gene, and other race-specific gene(s). The South American cultivar Frontana, which was reas suggested by Das et al. (1993) .
Both QTL for slow leaf-rusting detected in our study, garded as one of the best sources of durable resistance to leaf rust, carries Lr34, Lr13, and LrT3 (Dyck and QLr.osu-2B and QLr.osu-7BL, were also coincident with QTL identified previously for latent period (Xu Samborski, 1982) . Chinese Spring, a popular wheat cultivar whose resistance to leaf rust has lasted for about a et al., 2005) . This apparent pleiotropic relationship is similar to the pleiotropic effect of Lr34 on the compocentury in North America (Kolmer, 1996) , carries Lr34, Lr12 (Dyck, 1991) , and Lr31 genes for leaf rust resisnents of slow-rusting resistance, including a prolonged latent period, and reduced receptivity and uredinium tance (Singh and McIntosh, 1984) . However, this strategy is not practical in traditional breeding programs size . Rubiales and Niks (1995) also reported that Lr34 increased latent because of the time-consuming process involving complex inoculation tests and extensive disease measureperiod and decreased infection frequency. However, Xu et al. (2005) identified a major QTL for prolonged latent ments, but is feasible when linked markers are available. Molecular markers linked to race-specific and slow leafperiod of Puccinia triticina on chromosome 2DS, and this QTL was not significantly associated with AUDPC, rusting resistance genes, including Lr1, Lr3, Lr9, Lr10, Lr13, Lr19, Lr23, Lr24, Lr27, Lr28, Lr31, Lr34, Lr35, FS, and IR. This suggests a different genetic mechanism for defense against Puccinia triticina.
and Lr47 (Gupta et al., 1999; Langridge et al., 2001) , have been identified. Some of these markers are STS Although the QTL on chromosome 2B and 7BL were documented before (Nelson et al., 1995; William et al., markers that can be directly used in MAS (Naik et al., 1998; Seyfarth et al., 1999; Helguera et al., 2000) , while 1997; Messmer et al., 2000; Faris et al., 1999) , PCR-based markers associated with these QTL are still rare. In this others have the potential to be converted into STS markers. These markers, and the three identified herein study, we identified AFLP and SSR markers closely linked to these QTL. The application of AFLP markers in (Xbarc18, Xbarc167, and Xbarc182), are valuable for breeding durable leaf rust resistant cultivars by combinbreeding programs still poses technical difficulties. The further conversion of AFLP markers flanking these QTL, ing race-specific and race-nonspecific resistance genes. such as XCAG.CGAT70, XCATG.ATGC60, XCAT. CGTA150, and XTGC.ACAG198, into STS markers will REFERENCES greatly facilitate the introgression of these QTL into other Bjarko, M.E., and R.E. Line. 1988a. Heritability and number of genes cultivars. As an alternative, SSR markers Xbarc167 and controlling leaf rust resistance in four cultivars of wheat. PhytoXbarc18 were also closely associated with QLr.osu-2B, responding QTL. Further analysis showed that RILs with Caldwell, R.M., J.J. Roberts, and Z. Eyal. 1970. General resistance resistant alleles at both Xbarc18 and Xbarc182 loci were ("slow-rusting") to Puccinia recondita f. sp. tritici in winter and significantly more resistant than those with only one or spring wheats. Phytopathology 60:1287 (abstract). Das, M.K., S. Rajaram, C.C. Mundt, W.E. Kronstad, and R.P. Singh. no resistant allele at the corresponding locus (Table 5) . This is in agreement with the QTL mapping results. Thus
